Abstract Concern has been raised about the lack of population data for the Nile crocodile Crocodylus niloticus in the lower/middle Zambezi valley. This area is important for conservation as well as being a source of crocodile eggs and adults for the ranching industry. Two spotlight surveys, in 2006 and 2009, were used to estimate population size, structure and trends. A stage-structured matrix model was parameterized from existing literature and the expected predictions were compared to those observed. The survey data suggests a population increase since 2006. Crocodile density was greatest (3.1 km −1 ) in the areas of increased wildlife and habitat protection and lowest (1.4 km −1 ) in areas of increased human presence. The predicted population stage structure differed to that observed, suggestive of a population not at equilibrium. Data on offtakes of crocodile eggs and adults would be useful for examining why this is the case. Continued monitoring of the wild population is necessary, to evaluate the trend of an increasing crocodile population, and additional demographic data for modelling purposes would be desirable.
Introduction
C rocodilians fulfil an essential ecosystem role (Mazzotti et al., 2009 ) and have inherent commercial value for both the leather industry (Hutton et al., 2002) and tourism (Telleria et al., 2008) . Overexploitation can cause population crashes, leaving some populations potentially vulnerable (Bishop et al., 2009) or critically threatened (Ballouard et al., 2010) . Conservation efforts have allowed some populations to recover (Webb et al., 2000) . Sustainable utilization of crocodilians is possible and some species show resilience to harvesting (Velasco et al., 2003) . Habitat loss (Thorbjarnarson et al., 2002) and human-crocodile conflict (McGregor, 2005) are also exerting pressure on crocodilians. The multitude of threats is a serious concern and monitoring of populations is a critical process in the management of any species. Despite this, of the many surveys of crocodilians throughout Africa only a small percentage facilitate estimation of population trends because of temporal, spatial and methodological inconsistencies (Lainez, 2008) , and therefore the status of crocodiles in Africa is not well-known.
The Nile crocodile Crocodylus niloticus in Zambia and Zimbabwe is categorized as Lower Risk/least concern on the IUCN Red List (Crocodile Specialist Group, 1996) . It is listed on Appendix II of CITES, which denotes a species not necessarily threatened with extinction but one that may become so unless trade is closely controlled. The wild crocodile population in Zambia and Zimbabwe remains an important resource for the crocodile farming and ranching industry through the harvesting of eggs and adult breeding stock. It has been noted that continuation of this practice alongside a lack of baseline scientific data may have a detrimental effect on the wild population (Siamudaala et al., 2004) .
If the size and structure of the wild population can be estimated, this information can be used to compare the results with a theoretical model, as this can provide insight into whether the study population is typical of other populations of the same species. Such insight can help inform management plans. Population models have been developed for numerous crocodilian species (Smith & Webb, 1985; Craig et al., 1992; Tucker, 2001; Gallegos et al., 2008) . One of the simplest models used to predict growth rates and stable stage structure is a discrete stage-structured model (Caswell, 2001) , which facilitates predictions of the growth rate, stage structure, reproductive input and sensitivity analysis (Caswell, 2001) . This demographic analysis can offer valuable information for the management of species. The models are used to simulate the impact of intervention scenarios, such as the effect of harvesting animals of a certain size or increasing the survival of individuals. Analyses conclude that perturbations to the survival of the mature breeding size class (e.g. by trophy hunting) have a greater effect on population growth than that of perturbations at the egg stage or smaller size classes (Craig et al., 1992; Tucker, 2001) . This is useful as conservation funds are often limited and specifically targeting such funds at a part of the life cycle that results in the desired outcome in the most cost-effective way is important.
Nocturnal spotlight surveys are the most commonly used technique for evaluating crocodile populations and trends over time. Difficulties encountered during such surveys can range from physical access to areas, and technical bias such as observer skill and boat speed (Cherkiss et al., 2006) , to environmental variables such as water level and temperature (Hutton & Woolhouse, 1989) . The technique can underestimate populations because of these difficulties and because of the cryptic nature of crocodiles (Bayliss et al., 1986; Hutton & Woolhouse, 1989) . Therefore the results of spotlight surveys are often interpreted as a population index. The real population size is often unknown as complete counts of an entire study site are rarely possible. Population indices are estimated from incomplete counts that may incorporate correction factors (Hutton & Woolhouse, 1989; Fergusson, 2006) . Repeated standardized spotlight surveys are the most common form of population monitoring for crocodiles (Seijas & Chavez, 2000) . As long as a bias is consistent, the population index will remain relative to the true population count and inferences can be made from the population index in subsequent years of surveys to establish population trends. The estimates should be interpreted carefully but are still the primary indicator of population status for crocodilians.
This study is a follow-up survey to that of Fergusson (2006) . Our objectives were to (1) compare our 2009 spotlight survey with that of 2006, (2) parameterize a stagestructured matrix model for C. niloticus, and (3) compare the predicted population structure from the model to that observed in the wild. We discuss the results in terms of management recommendations.
Study area
The stretch of the Zambezi River between Kariba dam and Cahora Bassa has been termed both the lower and middle Zambezi, hereafter we refer to this area as the lower Zambezi. The area has a distinct wet season during November-April, followed by a cool dry season (MayJuly) and a hot dry season (August-October). The lower Zambezi study area (Fig. 1) extends from Nyamumba at the western extreme to the confluence of the Zambezi/Luangwa River (Kanyemba) in the east and is c. 270 km long, following the main Zambezi channel. The lower Zambezi River is relatively shallow and wide with occasional islands and it meanders between floodplains on either side. The River is navigable although sandbars can restrict travel by boat in certain areas. The Kafue and Luangwa Rivers are the only two major tributaries that enter the Zambezi. Because of its size and lack of navigability the Luangwa River was not surveyed. The lower reaches of the Kafue River were surveyed up to 20 km from the confluence, where shallow rapids prevented further upstream travel.
There are four levels of wildlife/habitat protection: open areas, game management areas, safari areas and protected areas. Open areas allow human settlement, development and agriculture. Game management areas allow settlement and agriculture but also act as a buffer zone for protected areas. Safari areas do not allow human settlement or agriculture but permit wildlife hunting and harvesting quotas (as do open areas and game management areas). The two protected areas (Lower Zambezi National Park and Mana Pools National Park) have the highest levels of wildlife/habitat protection and are no-take zones for wildlife. The human population is highest along the Zambian riverbank, being most concentrated in the Chiawa Game Management Area and the Siavunga Open Area, although there are numerous tourist and hunting lodges along the entire length of the Zambezi River in both Zambia and Zimbabwe. To maintain consistency with the 2006 survey the study site was separated into two main sections, the eastern section, Kanyemba to Ruckomechi (the upstream border of Mana Pools), which includes the National Parks, and the western section, Ruckomechi to Nyamumba, which has a lower overall level of wildlife/habitat protection and a higher level of human population and agricultural development.
Methods
Research protocols were similar to that of Fergusson's (2006) survey, to facilitate comparisons. A nocturnal spotlight survey was used to census the population from a 5-m swamp cruiser boat powered by a 60-hp outboard motor during September, the same month as the 2006 spotlight survey. The survey was timed to coincide with the new moon phase (the darkest period of the month). The weather was cloudless with calm river conditions, good visibility and the mean air temperature (27.3 ± SE 0.1°C) exceeded that of the temperature (24.7 ± SE 0.1°C), providing optimal spotlighting conditions (Hutton & Woolhouse, 1989) . The water level was low prior to the wet season (NovemberApril), when the water level peaks. The same experienced spotlighter and coxswain were used for each night shift during the survey.
Only one survey boat and crew were available and therefore only one bank could be surveyed at a time because of the width of the river (c. 500 m). The Zimbabwe riverbank was surveyed first (4 days), then the Zambia riverbank (5 days; the additional day being used to survey the lower reaches of the Kafue River). Each local region of the study site constituted a consecutive night survey. The main bank was followed at a distance of 5-10 m from the shoreline and, where possible, islands were circumnavigated. Crocodiles were located by eye-shine using a 500,000 candle-power spotlight. The survey was undertaken travelling upstream (8-12 km h −1 ); the spotlight beam was traversed through an arc of 180°illuminating the riverbank and main channel. The upstream direction was chosen for safety reasons and boat control. When eye-shine was observed, the crocodile was approached as closely as possible to estimate its total length. If the entire animal could not be seen estimation of total length was based on the head length, exposed above the water line. This allowed extrapolation to total length (7 × the length of the head; Hutton, 1987) ; this relationship was confirmed by morphometric measurements that we made during a capture survey (mean 7.1 ± SE 0.11, n 5 550). When a crocodile submerged before the observer could estimate the size, the sighting was recorded as eyes-only. A global positioning system (GPS) was used to map locations and routes. Crocodiles were separated into four size classes following Fergusson's (2006) study: hatchlings and yearlings (total length , 0.5 m); juveniles (total length 0.5-1.0 m); subadults (total length 1.0-2.5 m); adults (total length . 2.5 m).
Repeated area surveys
Between September 2007 and November 2009 other spotlight counts were conducted as part of a capture study using the spotlight technique described above and accepted crocodile capture methods (Webb & Messel, 1977) . These are hereafter referred to as the 'capture surveys'. Crocodiles that were seen but not caught were recorded, with a size estimate when possible. These data are used to validate our 2009 spotlight survey by providing repeated surveys of the same sections of river, and to estimate the sex ratio of the population from captured animals.
Analysis
Google Earth v. 5.2.1 (Googleplex, California, USA) and ArcGIS v. 9.3.1 (ESRI, Redlands, USA) were used for mapping and measurement of the riverbank frontage. This included the main riverbanks of Zambia and Zimbabwe as well as the perimeter of all islands. Statistical analyses were performed using R v. 2.10.1 (R Development Core Team, 2008) . Linear regression was used to investigate correlation between levels of protection/habitation and crocodile density. The areas were assigned values 0, 1, 2 or 3, representing no, low, medium and high wildlife/habitat protection (corresponding to high levels of human habitation through to no permanent human habitation). The values for each area were: 0, Siavunga Open Area; 1, Kafue River; 2, Chiawa and Rufunsa Game Management Areas; 3, Hurungwe, Sapi and Chewore Safari Areas, Lower Zambezi National Park and Mana Pools. The values were used as explanatory variables for crocodile density per km. As spotlight surveys are renowned for underestimating populations linear regression was used to investigate correlations between the maximum number of crocodile sightings in the sections (using 6-20 repeated surveys) and the number of crocodiles seen during the 2009 spotlight survey for that same section. As the spotlight data consisted of count data, comparisons of crocodile population structure between areas, surveys and the matrix model were made using contingency tables.
Matrix model parameterization
The as a function of F4. Growth rates were derived by combining growth data across male and female C. niloticus (Hutton, 1984; Games, 1990) and survivorship values estimated from a study by Bourquin (2007) . Sensitivities and elasticities were calculated, as was the stable age distribution and population growth rate (λ).
Results

Spotlight survey
A total of 1,761 crocodiles were encountered during the spotlight survey in 2009, a third (33.8%, n 5 595) were classed as eyes-only sightings. The size class structure was skewed towards the smaller size classes (χ 2 5 194.7, P , 0.01, df 5 2), 51.5% were juveniles (n 5 601), 29.7% subadult (n 5 346) and 18.8% adult. During the capture surveys a total of 505 individual crocodiles were caught; n 5 79 (15.7%) yearlings; n 5 311 (61.6%) juveniles; n 5 112 (22.2%) subadults; n 5 4 (0.6%) adults. The overall sex ratio of captured individuals was 52.8% male to 47.2% female. There was a strong correlation between the number of crocodiles sighted during the spotlight survey and the maximum number sighted for that particular section during the repeated area surveys (r 2 5 0.93 P , 0.01, df5 6). Overall the spotlight survey recorded 0.84 ± SE 0.05 of the maximum number of crocodiles seen in the same areas as determined by the capture surveys. Assuming random and non-selective spotting and catching, both surveys (spotlight and capture) would be expected to show similarities in the percentages of size classes seen. However, there were differences between the overall percentages of the size classes identified in the spotlight survey and the capture surveys (χ 2 5 235.3, P , 0.01, df 5 3). The spotlight survey recorded more adults (12.4%) than the capture surveys (7.7%) and fewer subadults (19.6 and 30.1%, respectively). The two surveys recorded similar juvenile (34.1 and 31.1%, respectively) and eyes-only sightings (33.8 and 31.2%, respectively). The crocodiles were not equally distributed throughout the study site, with considerable variation in encounter rates for the different areas ( Table 1) 
Matrix model
The population size structure of the crocodiles recorded in both the 2006 and 2009 surveys differed from that predicted by the matrix model. A much lower percentage of juveniles and a higher percentage of subadults were estimated by the matrix than was seen on either spotlight survey throughout the entire study site or in the western and eastern sections separately (Fig. 2) . To achieve the observed population structure it was necessary to perturb the matrix parameters to a substantial (and unrealistic) extent by reducing subadult (Fig. 1), estimated from a spotlight 
Discussion
The lower Zambezi crocodile population size reported here is a minimum estimate. Spotlight surveys tend to underestimate actual densities (Hutton & Woolhouse, 1989) . The use of correction factors is an attempt to estimate the actual population size given the biases involved with the survey technique. Nonetheless it appears that the lower Zambezi crocodile population increased between 2006 and 2009. The observed and predicted λ are close yet the observed population structure differs from that expected in the matrix model given the demographic rates published in the literature (Craig et al., 1992; Tucker, 2001) . Despite the biases of spotlight surveys our results provide a useful estimate of the crocodile population. A survey with two boats (one for each bank) would have been ideal but logistical problems precluded this. We assume there is no bias because of crocodiles crossing the river between Zambia and Zimbabwe as each crossing could be countered by another in the opposite direction.
The same densities of crocodiles were sighted in the two sections of the Zambezi in both spotlight surveys. Crocodile density was highest in the eastern section, which is characterized by increased wildlife/habitat protection. This demonstrates the positive influence of protected areas for conservation of this crocodile. However, the rate of population increase was lower in the eastern section than the western section. There is a possibility of densitydependent factors controlling population growth, which has been described in other studies (Velasco et al., 2003) . A deterministic matrix predicts that a population converges to a stable stage distribution. In the wild populations are not deterministic but a population fluctuating around equilibrium may nevertheless have a structure close to that predicted by a deterministic model. The large disparity between prediction and observation suggests either a problem with the model, a population a long way from equilibrium, or bias in the data (such as with the eyesonly data). The latter constitutes a substantial proportion of the sightings yet cannot be included within the size classifications unless further assumptions are made; e.g. that they are all adult crocodiles.
The size class structure in the eastern section was similar in 2006 and 2009. The largest disparities are in the western section. The large proportion of eyes-only sightings in both surveys makes it difficult to draw accurate conclusions, however. The size and therefore the size class allocations of a third of sightings were not obtained and so it is difficult to categorize these animals. It is possible that these are the larger, more wary animals. Previous studies have indicated that recapture probabilities decrease with increasing crocodile size (Bourquin, 2007) because of human disturbance, including from capture and release techniques TABLE 3 Population estimates of C. niloticus on the lower Zambezi River based on a spotlight survey. Riverbank is the actual shoreline of the mainland and islands. Unsurveyed riverbank (km) is the distance not covered by the survey because of inaccessibility. This was derived by comparing the GPS route to an image of the study area, in ArcGIS. Correction for riverbank is the percentage of riverbank omitted during the survey. Correction for survey was estimated using data of repeated surveys of the same sections. (Ron et al., 1998) . The western section is the most exploited part of the lower Zambezi study site for crocodile ranching and hunting (regulated by the wildlife departments of Zambia and Zimbabwe). Although exploitation does occur in the Zambia Rufunsa Game Management Area as well as the Zimbabwe safari areas, the overall level of protection for the eastern section is higher. Crocodile ranching quotas usually stipulate the number of eggs and breeding adults (mainly females), and trophy hunting includes the larger animals. Data on the actual offtake and locations are unavailable but would shed light on the difference between the population age classes. The observed disparities could also be because of other forms of disturbance to the population, including habitat issues. The Chiawa Game Management Area (part of the western section) has an increasing human population and agricultural activities. This could reduce available basking and nesting areas and increase harassment by humans. The lower Zambezi includes areas allocated for crocodile ranchers to collect live adults. The western section has the greatest proportion of this harvesting, which uses the same spotlight technique as our research team. It could be surmised that the crocodiles in the western area were subject to a higher effort of capture for harvest or research. However, this did not appear to affect the wariness of crocodiles as the ratio of sightings to eyes-only (possibly more wary crocodiles) were similar for the western and eastern sections. Although eyes-only sightings were highest in the eastern area this may have been because of physical limitations rather than crocodile wariness. Navigation in the eastern section was more difficult (especially in the Lower Zambezi National Park and Mana Pools) because of shallows, sand bars, submerged obstacles and a higher density of potentially dangerous animals such as the hippopotamus Hippopotamus amphibius.
If we assume that the size structure estimates are accurate and that the population is not subject to duress then the observations would show a trend towards the stable stage structure predicted by the matrix. This would require a reduction in the number of individuals in the juvenile size class, increase in the subadult class and reduction in the adult class. This pattern can be seen in a comparison of the results of the 2006 survey with our 2009 survey.
The population thus appears to be drifting towards the theoretical stable stage structure. When comparing the western and eastern sections the difference in relation to the matrix prediction is apparent. The eastern section is more similar to the prediction than the western, which is characterized by a large proportion of smaller crocodiles. This could be explained by an offtake of larger individuals, skewing the size structure towards the smaller size classes. It is not known if this population has suffered a major perturbation in the past. However, the area is subject to harvesting of crocodile eggs and adults, sanctioned by the Zambian Wildlife Authority, and it is therefore difficult to estimate how many years the population would require to reach an equilibrium given the population structure in
2006.
A high sensitivity value indicates that an independent change in that matrix element could cause a considerable change in the expected population growth rate. This was found to occur in the transition phase from subadult to adult at c. 2.5 m total length (c. 22 years). This size of animal would be desirable for crocodile farming: small enough to capture, at reproductive prime and with enough expected remaining life expectancy to adjust to captivity. This suggests that the targeted animals are within the class that has the greatest potential to affect the population. Elasticity predicts the proportional change in the growth rate given a proportional change in the matrix element, while all other elements remain constant. The highest elasticity values are remaining in the subadult and adult stage. This finding concurs with models that predict that the harvesting of larger individuals, especially those at sexual maturity, will have a disproportionately large effect on the rate of change of the population (Enneson & Litzgus, 2008) . The sensitivity and elasticity values are lowest for the fecundity rate and the earlier life history stages. This concurs with current management strategies that removal of eggs and hatchlings from the wild will have the least effect on the growth rate of the wild population. Elasticity values are useful for formulation of conservation plans but need to be interpreted with considerable care (Mills et al., 1999) because they assume the effects of perturbing a demographic rate is linear, and the model assumes no density dependence or environmental stochasticity. Typically, matrix elements with high elasticity values are targeted by management plans as a high priority, with less emphasis placed on those elements that have low rates. In density-dependent models a perturbation to one element will in turn affect all other matrix elements. Results of perturbations in the natural system can differ substantially from predictions. In addition, certain age/stage classes may be more or less susceptible to conservation measures and may react unpredictably. The matrix represents a deterministic theoretical population and in the natural environment there are many factors that can influence the population but have not been included in this simulation. Factors such as temperature-dependent sex determination, density dependence, prey abundance and nest site availability could all influence population demography. Despite this, the matrix does offer an opportunity to examine whether the Zambezi population conforms to our general understanding of crocodilian life histories.
Our results indicate an increasing crocodile population that is still far from equilibrium. Future surveys are required to validate this trend. The importance of protected areas is clearly illustrated yet there is evidence that the population is increasing at a faster rate in areas that have a lower density of crocodiles. It is important to monitor the patterns of land-use change, especially in the game management and open areas, as loss of habitat has been cited as one of the main causes of crocodile population decline. Additional information regarding the harvesting and hunting of animals is required, as identifying this offtake (specimen size as well as numbers) will assist with the monitoring and management of the population. Our findings will be passed to the appropriate authorities (government and NGOs) that are involved with the management of crocodiles in Zambia and Zimbabwe. There has been no active crocodile research in this area since 2009 but we recommend repeating the survey at intervals of 3 years, to maintain population monitoring. Any future project could usefully involve the local crocodile farming industry as they also have an interest in maintaining a viable crocodile population.
